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INTRODUCTION 
Between the Platte and Niobrara Rivers in western and 
central Nebraska lie over 25,000 square kilometers of dune 
sand. The dunes have lost their sculptured shapes and 
windswept edges, being shrouded beneath a mantle of grass 
and fine loess soil. Only at the blowouts, where wind has 
cut away this mantle forming cavities in the sides of hills, 
is the sand exposed. 
Dotting this rolling prairie grassland in the depres- 
sions between the dunes are small lakes. Over 2000 lakes 
of widely varied salinities and alkalinities accent the 
topography of the dunes. 
Sandhills 
The sandhills were formed during the last period of 
glaciation in North America, the Wisconsin. Windblown sand, 
eroded from Tertiary rock formations in southwestern South 
Dakota and eastern Wyoming contoured the existing Ogallala 
formation in central and western Nebraska. Three episodes 
of dune formation are believed to account for the distinctly 
different shapes, sizes, and orientation of the existing 
dunes (Keech, 1978). The contours of the original topography 
have been all but lost under the 50 to 75 m of dune sand 
which presently cover them. 
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Within the valleys and depressions between the dunes, 
deflation basins are numerous. Windswept valleys whose 
basins were scoured and deepened by wind, later became 
collection vesicles for loess. This aeolian dust from the 
floodplains of the adjacent rivers alternately blanketed and 
was blown from this region by the prevailing winds. Over- 
land runoff further accumulated loess in the depressions, 
decreasing the permeability of the basins, and increasing 
the duration that they held water. 
Through time, basins have been annealed by precipitants 
and permeated by rising groundwater. Drainage patterns have 
been established, opening some of these basins to inflow and 
ephemeral outflow; but most remain closed, without any type 
of outflow. 
Located in the southwestern border of the sandhills 
region in Garden County, Nebraska, the Crescent Lake National 
Wildlife Refuge is characteristic of the western sandhill 
region. Grazing is by far the predominant land use and is 
characteristic of the western sandhills. The predominant 
soil types are dune sand, Valentine loamy sand, Valentine 
sand and Gannet loamy sand. Although a total of 32 soil 
types have been identified in Garden County (Wolfanger, 1929) 
most are represented only near the county's southern border 
along the North Platte River. 
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The semi-arid climate has not in recent times allowed 
rich layers of organic material to accumulate in the upper 
soil horizon. Hot summers with temperatures frequenting 
4o0c and irregular precipitation often restrict the growing 
season to two short periods in the spring and fall. The 
climate is variable and may be harsh. Winter temperatures 
typically fall to -Jo0c and, while snow is common, the high 
winds of the region bare the surface to the frigid tempera- 
tures. In spite of these rigorous extremes, a rich and 
diverse flora and fauna thrive in both the terrestrial and 
aquatic habitats. 
The Crescent Lake National Wildlife Refuge is in the 
shortgrass high plains prairie region. At an elevation of 
1000 m and latitude of 41°45' and longitude of 102°26', 
this area receives a yearly average of only 48 cm of precipi- 
tation. The nearly continuous winds and hot sumrrer 
temperatures combine to yield evaporation rates of 125 cm, 
2.5 times the annual rate of precipitation (NOAA, 1977 & 
1978). This evaporation to precipitation ratio is conducive 
to formation of closed basin lakes (Eugster, 1978). Inflow 
into these lakes due to precipitation seldom exceeds the 
evaporation rate. Outflow usually only occurs after periods 
of unusually heavy precipitation. The lack of an outflow 
from a basin which consistently holds water is descriptive of 
a closed basin lake. However, without interaction between 
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the lakes and groundwater, few of these lakes could persist. 
The persistence of the many shallow lakes, whose depths sel- 
dom exceed 1 m, attests to some groundwater interaction. In 
this area the depth to groundwater seldom exceeds 1 m below 
the lake surface. The amount of interaction between the 
lakes and the groundwater varies as widely as the salinity 
and alkalinity found within these western sandhill lakes. 
Hydrology 
Based on extensive study of these lakes, I believe that 
the formation of the lakes in the eastern sandhills region 
was totally independent of groundwater interaction. Their 
persistence is dependent, however, upon that interaction 
according to the following scenario. The accumulation of 
loess in the interdune depressions annealed the bottom of 
these basins resulting in longer and longer periods of 
standing water. The standing water entrapped particulate 
matter which further reduced the permeability of the basin. 
The precipitation of leached and accumulated salts assisted 
in the cementing of the sediments into an impermeable layer. 
The foundation was established for a persistent lake so long 
as a source of water could counteract the loss to evapora- 
tion. 
Restricted drainage patterns caused by several periods 
of dune sand deposition gradually began to increase the 
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thickness of groundwater aquifers throughout the closed 
basin region. Once the groundwater began to approach the 
level of the sealed basin floors, greater and greater 
portions of the percolating surface water began to follow a 
lateral contour as the interstitial spaces between the soil 
particles became filled. This lateral movement would either 
flow below the impervious layer beneath the basins and 
increase the groundwater level, or flow above the impervious 
layer and into the annealed basin. As the salts began to 
concentrate within the basins, groundwater was also drawn 
into the lake across the osmotic gradient between the lake 
and the groundwater. This one way flow of water from the 
groundwater to the lake basins explains how such vast 
differences may exist in the chemistry of such closely associ- 
ated and interacting bodies of water. The windmills which 
dot the prairie, providing water for range cattle, are often 
found less than 100 m from lakes which were too saline to be 
used as a source of water for livestock. McCarraher (1977) 
documents the variability of water chemistry among the sand- 
hill lakes, and describes numerous lakes which vary widely 
from the shallow, fresh groundwater. 
Historical Review 
Prior to World War I the sandhill lakes received the 
attention of both industry and the scientific community. 
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Potash (K20) was found north of the Crescent Lake National 
Wildlife Refuge in some of the lakes of Sheridan County near 
Alliance. The description of these deposits by Hance (1912) 
promoted the infantile industries which were soon to become 
this country's primary producers of potassium. The signifi- 
cance of this achievement is heightened when one is reminded 
that potassium is a principal component of gunpowder and 
prior to this time, this country's supply of potassium was 
from the Stassfurt deposits in Germany. Numerous accounts of 
the potash industry were published including those of Ziegler 
(1915); Barbour (1916); Thum (1917); and Hicks (1920). 
Several of these authors sought to answer why only some 
of the sandhill lakes yielded rich potash brines while in 
most, the predominant ions were sodium and carbonates. A 
novel answer was presented first by Hance in 1912 and later 
supported by Ziegler (1915). Hance suggested that the 
accumulation of ash from prairie fires accounted for the 
concentration of K20 in the sandhill lakes. Fire, set either 
by lightning or native Americans to drive game or deter 
enemies, was not an uncommon event in the early recorded 
history of the prairie (Rydberg, 1895). The ash from these 
fires would be blown into the lakes where they would accumu- 
late, concentrating the salts which they bore. Zeigler took 
this hypothesis one step further. A check of the chemical 
composition of ash from wood and grasses prompted him to 
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suggest that the chemical differences observed among the 
lakes were due to the variations in the dominant vegetation 
which surrounded the lakes since their formation. He noted 
that wood ash contained six times more sodium and carbonates 
than grasses which contain primarily K20. According to this 
hypothesis, the rich potash lakes have been surrounded by 
grassland during their period of salt accumulation while the 
soda lakes, more common south of the Alliance area, were 
bordered by forests during periods of their salinization. 
No clear botanical history of this area is available, but 
there are indications that parts of it have been forested as 
recently as the last 5000 years. Rydberg (1895) and Bates 
(1913) were among the first to describe refugia in the sand- 
hills where yellow pine and red cedar were not uncommon. 
More recently, pollen examinations from several lakes within 
the sandhills, including one at Roundup Lake on the Crescent 
Lake National Wildlife Refuge, yielded high percentages of 
tree pollens. After a second pollen analysis, Watt (1966) 
suggested that an open and xeric forest may have extended 
through the Great Plains as far south as Texas during the 
Wisconsin glaciation. These reports support the basic 
premise of the Hance-Zeigler hypothesis. Arguments against 
this theory were raised in 1918 by W. A. Norris who con- 
tended that selective biological concentration has played a 
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role in establishing the chemical composition of these lakes. 
However, the significance of this role compared to that of 
physical weathering by wind and water is unclear. 
Investigation of the western sandhill region waned 
during World War I and it has received only cursory attention 
since then. Three studies have included the lakes of this 
region since 1920. The pollen study of Sears (1961) 
described earlier, while focusing primarily on the north 
central sandhills region, included two sediment cores from 
lakes in the Crescent Lake National Wildlife Refuge. 
:.lcCarraher in 1977 published a noteworthy collection of 
data accumulated by him at the Nebraska Game and Parks 
Commission. While the publication dealt primarily with the 
suitability of the sandhill lakes to support fisheries, it 
was not limited to this, providing a useful catalog of 
sandhill lakes and a listing of the chemical parameters 
which had been compiled for them. Above all else, the 
publication documented the diversity exhibited among these 
lakes. Nash (1978) reexamined some of the lakes in Sheridan 
County that were important during the period of potash 
extraction and offered a current, more detailed chemical 
analysis of these waters. This list is notably brief; how- 
ever, it is sure to increase as others recognize the 
tremendous biological diversity within this limited geo~ 
graphic region. 
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Research Objectives 
Lakes within the Crescent Lake National Wildlife Refuge 
exhibit a great diversity in their chemical and biological 
·characteristics. Four lakes, which spanned the spectrum of 
one chemical parameter, alkalinity, were studied over several 
seasons to establish the interrelationships between the 
chemical parameters of these waters and their biological 
constituents. Of no little significance is the proximity 
of these lakes to one another, ensuring the same potential 
inocula for each system and minimizing the microclimate 
variability among the lakes. Each lake is distinctly 
different in morphometry, chemistry, and history; neverthe- 
less, certain trends became evident when the data for various 
parameters from each lake were compared. 
The objectives of this research were to: 
l) Identify the range of alkalinity within the lakes near 
the Crescent Lake National Wildlife Refuge. 
2) Select lakes for in-depth study which spanned the observed 
range of alkalinity. 
3) Record the seasonal variations in selected physical and 
chemical parameters as well as the abundance and composi- 
tion of the phytoplankton. 
4) Determine the rates of primary productivity by C-14 
uptake. 
I 
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5) Determine the effect of the varying measured physical and 
chemical parameters on the abundance and composition of 
phytoplankton by correlation analysis. 
6) Establish a data base of the limnological conditions 
within these lakes to serve as a reference for future 
research. 
GENERAL DESCRIPTION OF STUDY LAKES 
Blue Lake 
Blue Lake is the largest, deepest,and least alkaline 
lake of this study. Moreover, with a maximum depth of 5.5 m 
and a surface area of 135 ha, it is one of the largest and is 
the deepest natural lake in Nebraska. Fed by an ephemeral 
surface inflow, there is evidence, to be discussed later, 
that this lake is also spring fed. Outflow, while continuous 
throughout the ice free portion of the year, varied from an 
observed high of 0.185 m3/s to less than 0.001 m3/s. 
A shelf was observed along three sides of the lake at a 
depth of 1-2 meters below the water surface. This shelf 
occurred at a distance of between 5 and 25 m from shore, and 
a drop off of 1 m along this shelf was typical. I believe 
that this shelf is the remnant of a shore line which 
existed when Blue Lake adjoined Crescent Lake. These lakes 
are now separated by 1.25 km of marsh and meadow. The 
natural marsh and meadow dam which accumulated along the 
leeward end of what is now Blue Lake, separated the two 
bodies of water and allowed an increase in the water level 
in Blue Lake (Fig. 11. 
Blue Lake, rectangular in general configuration, is 
oriented with its long axis in the direction of the 
Fig. 1. Map of study area in the Crescent Lake National 
Wildlife Refuge. Sampling locations at Blue, 
Roundup, Goose, and Bob's Lakes are indicated 
by an (x). 
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prevailing winds. It is almost continually wind mixed, as 
indicated by the dissolved oxygen levels which never fell 
below l mg/l. It is bordered on the south side by two soil 
types, Valentine loamy sand predominating with some Valentine 
sand. The remainder of the shore has dune sand around its 
perimeter. The meadows around the lake were almost continu- 
ously moist, providing ample hay which was grazed by cattle 
throughout the year. Excess hay was baled and left for 
winter hay reserves. The combination of rich pasture, 
available hay, and the slightly greater relief in the 
topography resulted in much higher numbers of cattle in this 
area, especially during the winter. While no quantitative 
measurements were attempted, the nutrient influx due to these 
cattle was believed to be significant, especially in their 
contribution of soluble nitrogen and phosphate. 
At the waters edge, a band of Scirpus spp. between 2 m 
and 10 m wide separated the pasture from the lake surface. 
Decomposing plant material was swept into the lake with the 
snow melt by the high winds which frequently accompanied the 
spring thaw. This plant material accumulated with other 
flocculent particulate matter just off the bottom of the lake. 
During periods of heavy winds, this unstable floe was churned 
into the upper water column. 
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Roundup Lake 
Roundup Lake has a surface area of 60 ha. Oblong in 
shape, it has an east-west orientation and is protected from 
the prevailing northerly winds by large dunes. Unlike Blue 
Lake, Roundup Lake covers only a portion of the slightly 
contoured valley. Surrounded on all sides by Valentine sand, 
the meadows which surround this lake are xeric by comparison 
to those around Blue Lake. They support fewer cattle during 
the summer and since no hay is baled, cattle are moved to 
other ranges during the winter. 
A belt of Scirpus acutus up to 50 m wide surrounds this 
lake. The gentle slope of the valley extends to the bottom 
of the lake which has a maximum depth of 1.5 m. The water 
is continuously turbid from the fine clay-loess sediment 
suspended in the water column. 
In 1972, as part of the management program for Crescent 
Lake National Wildlife Refuge, Roundup Lake was pumped to 
remove as much of the water as possible. Seventeen days of 
continuous pumping removed 95% of the water. The exposed 
sediments were allowed to dry and the lake was rotenoned to 
remove all fish. TWO observations made by refuge personnel 
during that study are germane to this paper. First, the 
description of the exposed sediments: "The exposed flats 
were covered with 3" to 12" of organic ooze the consistency 
of Thousand Island Dressing without the lumps". And second, 
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the water pumped out of the lake was diverted into another 
interdune depression where it was expected to seep back into 
the ground. Only approximately 5% of the water soaked back 
into the porous dune sand. It was suspected that the water 
contained sufficient flocculent material to seal the bottom 
of the depression preventing the water from soaking into the 
sand (Perry, 1972). 
The intent of the renovation was to promote aquatic 
plant growth which would stabilize the sediments. To a 
degree this has been successful; the Scirpus which predomi- 
nates the shore line developed after the renovation and 
Potamogeton pectinatus has proliferated in the lake. 
Unfortunately, these species have not yet stabilized the 
sediments. 
Goose Lake 
Goose Lake is the second largest in this study. This 
kidney-shaped lake is oriented north-south and has a 
surface areaof90 ha. It lies in a long valley which ex- 
tends north of the lake with little relief. It is surrounded 
predominantly by Valentine Loamy sand with some Gannett loamy 
sand at its southern shore. An island in the lake is used 
extensively by cormorants as a rookery. This island is often 
densely covered with birds that contribute to the nutrient 
loading of the lake. 
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Goose Lake has a predominantly sandy shore and sedi- 
ments. Along the northwestern shore an extensive marsh 
covers an area almost one quarter that of the open water. 
The vascular plants here are mainly Scirpus acutus, Typha 
latifolia, and Phragmites cummunis. They contribute 
particulate organic material which, in combination with the 
suspended sediments, greatly reduces the transparency of the 
water. After infrequent periods of calm, the suspended 
material drops out of the water column and the light penetra- 
tion may increase 25 to 50 times. The maximum depth of this 
lake is 1.1 m, but so effectively is the light restricted 
that Potamogeton pectinatus will only grow in water less than 
half the maximum depth. It thrives in the shallow water 
around the rookery, undoubtedly taking advantage of the 
firrner substrate and added nutrients. 
Goose Lake is the subject of an ongoing investigation 
of its rich and diverse zooplankton population. Additional 
detailed information on this lake's zooplankton will be 
available in a thesis by R. Holland (1980). 
Bob's Lake 
This lake, previously unnamed, lies on the northwest 
border of the Crescent Lake National Wildlife Refuge. Bob's 
Lake is the subject of an intensive ongoing investigation to 
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define the energy flow through it. Appropriately, this lake 
has been given the name of the investigator who has devoted 
much time and effort to its study. Detailed information on 
both the primary and secondary productivity of this system 
will be presented in a dissertation by R. M. Hiskey (1981). 
Productivity data for this lake will be discussed here only 
to the extent necessary to compare and contrast it with the 
other lakes of this study. 
Hyperalkaline, and hypersaline, Bob's Lake has no rooted 
aquatic vegetation. Only along its northern border where 
salts are diluted by lateral groundwater seepage, do sparse 
stalks of Scirpus paludosus persist. 
This small lake, having a surface area of 12 ha persists 
with a maximum depth of usually less than 1 m. The water, 
while shallow, windswept, and laden with organic material, is 
clear. The sediments are stabilized by the dense benthic 
algal mat which persists in all but the strongest gales. 
Above dense patches of benthic algae, Artemia salina 
and brine fly, Ephydra hians, larvae thrive. Their popula- 
tions peak during midsummer with massive swarms of adult 
brine flies forming surface mats along the shore, and dense 
patches of Artemia swarming within the water. 
The lake water is tinted distinctly yellow and foams 
easily from the wave action even in a gentle wind. The 
water may easily be distinguished from the other lakes of 
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this study both by touch and smell. The water has a soapy 
viscous feeling and has a smell characteristic of a 
salt marsh. Bob's Lake is surrounded by Valentine sandy 
loam except along the northern shore where Gannett loamy 
sand fills the valley which provides subsurface seepage. 
Of the four lakes studied, Bob's Lake is the one most 
obviously formed by wind action. A reminder of the wind's 
erosive action lies to the west of the lake. There, a large 
sand dune is being torn apart by an ever expanding blow out. 
If Bob's Lake had been downwind from this dune, its future 
would be short indeed. 
MATERIALS AND METHODS 
Water samples were collected from Blue, Roundup, Goose, 
and Bob's Lakes on the Crescent Lake National Wildlife 
Refuge over an 18 month period between June, 1977 and 
September, 1978. Weekly or bi-weekly sampling was conducted 
during the sununers while monthly samples were collected 
during the remaining period. 
A single sampling station was selected at the deepest 
point at each lake (Fig. ll. Water samples were collected 
in 3.8 liter plastic containers from a depth of 0.5 min 
Bob's, Goose, and Roundup Lakes. In Blue Lake, water samples 
were collected from the surface, 2 m, and 5 m. Temperature, 
dissolved oxygen, and quantum light profiles were recorded 
at each sampling station. In situ measurements were made 
with Yellow Springs Instrument Company meters for temperature, 
dissolved oxygen, and conductivity. Quantum light measure- 
ments over the photosynthetically active range (400-700 nm) 
were made with a Li-Cor submersible quantum sensor. Secchi 
disc measurements were made with a 19 cm black and white 
Secchi disc alternately quartered. 
In situ carbon assimilation experiments were conducted 
by the C-14 light and dark bottle technique (Goldman et al., 
1974). Bottles (125 ml) were filled with water from the 
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sampling site and inoculated with 1-2 mls C-14 bicarbonate 
solution of activity, 3.214 µCi/ml. The amount of inoculant 
depended on the anticipated carbon assimilation rate. Dark 
bottles were stoppered and sealed with aluminum foil prior to 
incubation. Samples were either suspended at the sampling 
site at the depth from which they were collected, or incuba- 
ted along the shore at the Secchi disc depth (typically 5-7 
cm). Duration of incubation varied considerably but times of 
between 2 to 4 hours were typical. Incident solar radiation 
was recorded by an on-shore Li-Cor quantum sensor and inte- 
grated over the period of incubation. 
Incubated samples were initially preserved with a 1% 
solution of mercuric chloride, but a precipitant, mercuric 
carbonate basic (HgC03·2H20l was observed when preservative 
was added to Bob's and Goose Lake water. Serious questions 
regarding the effectiveness of mercuric chloride as a 
preservative, and its potential interference in the carbon 
assimilation experiments, prompted a switch to 1 ml chloro- 
form as a preservative. Preserved samples were returned to 
the lab for filtration and further processing. 
Estimates of zooplankton densities were made with a 
Clarke-Bumpus zooplankton sampler. This sampler was towed 
at the depth within each lake found to yield the highest 
densities of zooplankton. These depths were 0.25, 0.5, 1.0, 
and 2.0 m for Bob's, Goose, Roundup, and Blue Lakes 
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respectively. zooplankton were transferred to Whirl-Paks, 
preserved with formalin, and returned to the lab. Flow 
meter readings were recorded both before and after each tow 
for calculation of the amount of water passing through the 
#10 mesh net. This information, in addition to the settled 
zooplankton volume obtained in the lab, enabled computation 
of the zooplankton densities at the depth in the water from 
which the tow was made. Zooplankton tows were not made 
during the winter when ice cover prohibited use of the Clark- 
Bumpus sampler. 
Lab Analysis 
Aliquots were removed from the water samples for their 
separate analysis upon return to the lab. Aliquots were 
removed for algal identification and enumeration, chloro- 
phyll analysis, ion analysis including: potassium, sodium, 
magnesium, calcium, nitrate, phosphate, sulfate, chloride, 
and silica dioxide, total dissolved solids, pH, and 
alkalinity determinations. Processing of samples from the 
C-14 primary productivity experiments and zooplankton 
collections were also conducted at this time. 
All analyses performed in the lab were done in dupli- 
cate. Whenever appropriate, samples were analyzed with 
standards. Final concentrations were determined from a 
standard curve using a linear regression program (Texas 
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Instruments Model 51). Analysis procedures were also tested 
for each lake by the addition of spikes to the lake water. 
A correlation coefficient of 0.98 for linearity of standards 
and standard spikes was used as a minimum criterion for 
these analyses. Replicates were compared and if they were 
not within 5% of each other, they were analyzed again until 
that level of reproducibility was achieved. 
Algal Identification and Enumeration 
One hundred ml were ·withdrawn from the thoroughly 
mixed water samples and preserved with l ml Lugol's solution. 
Phytoplankton were identified and enumerated with a Wild 
M40 inverted microscope (Margalef, 1974). Phytoplankton 
from l to 50 ml of lake water were concentrated by sedimenta- 
tion onto the coverglass of an inverted viewing chamber. 
Between 10 to 40 fields were counted from each sample to 
obtain sufficient cell counts for a representative sample of 
both numbers and diversity. All observations were made at 
500 power magnification. Counts were made of cell units; 
trichomes, colonies, conobia, and individual cells were all 
counted as a single cell unit. Periodicially, total cell 
numbers were estimated. Phytoplankton were placed in 
distilled, deionized water and sonicated between 5 to 25 
seconds to disrupt colonies and then counted to determine 
total cell number. Varying durations of sonication were 
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tested on each sample to achieve disruption of the colonies 
while still maintaining the integrity of the cell walls. 
Comparison between the cell unit counts and total cell counts 
made on the same samples revealed an approximate method for 
conversion between cell unit counts and total cell counts. 
Approximations of the total cell number could be made by 
multiplying the counted cell units by SO. While this con- 
version value varied slightly between seasons, this average 
value provides as accurate an estimate of total cells as 
could be attained by direct counting of cells. 
Chlorophyll Analysis 
Aliquots of 25 to 100 ml of lake water were filtered 
through a 47 mm Gelman type H/A prefilter and a 47 mm 0.45 um 
Millipore HA filter. In Blue Lake, the amount of water 
filtered was determined by the water necessary to yield a 
green color on the filter. In the other lakes, it was more 
often determined by the amount of water which could be 
filtered in less than 1 hr of continuous filtering at vacuums 
not exceeding 0.5 atmosphere (Talling, 1974). Filters and 
prefilters were trimmed, folded, and placed together in a 
screw top test tube and stored in·a desiccator in the freezer. 
Extractions were made with dimethyl sulfoxide (DMSO) as the 
primary solvent (Burnison, 1980). An additional sonification 
step was introduced during the extraction procedure to 
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separate the cells from the residual filter material and to 
aid in the solution of the cellulose acetate filters. The 
warmed samples were sonicated during the 10 minute extraction 
in a Land R Model LU Ultrasonic Sonicator. This step aided 
in the removal of encrusted material from the filter as well 
as in the breakdown and solution of the particulate material. 
Absorbance was read at 750, 664, 647, and 630 nm on a Perkin- 
Elmer Model 124 Double Beam spectrophotometer. Values for 
chlorophyll~, both corrected and uncorrected for pheophytin 
and chlorophylls~ and~ were calculated as in Jeffrey and 
Humphrey (1975) and Lorenzen (1967). 
Dissolved Cation Analysis 
Filtrate from the chlorophyll filtration was collected 
directly into airtight plastic cannisters. This filtrate 
was used for the determination of total dissolved solids 
(TDS), and the dissolved cations sodium, potassium, calcium, 
and magnesium. Sodium and potassium were analyzed with a 
Coleman flame photometer. Calcium and magnesium were 
determined directly by atomic absorption on a Perkin-Elmer 
Model 303 atomic absorption spectrometer. Dilutions as great 
as 1:1000 were necessary for Bob's and Goose Lake waters to 
achieve concentrations within the working ranges of these 
instruments. 
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Anion Analysis 
Phosphate was analyzed according to the procedure 
described in Goldman (1974). Acid digestion was found to 
char the high level of dissolved organic material within 
Bob's and Goose Lake waters. This charring resulted in 
artificially high phosphate readings for these lakes. 
Filtration of this water through an activated charcoal filter 
was found to significantly reduce the dissolved organic 
materials and not to increase the phosphate level. The inter- 
ference due to the charred dissolved organic material was 
eliminated by reducing the concentration of dissolved organic 
material below the level which it interfered with the an- 
alysis. Water from Bob's and Goose Lakes was aspirated 
through 25 cm columns of 50-150 mesh activated coconut 
charcoal. Columns were regenerated after each sample by 
flushing with a lN solution of H2S04 then 1 liter of double 
distilled deionized water. After filtration, samples were 
analyzed as described. 
Nitrate analysis also involved an acid digestion pro- 
cedure, and the same type of interference was found from 
the dissolved organic carbons. Unfortunately, activated 
charcoal filtration was found to increase the nitrate 
concentration. The leaching of the nitrate from the char- 
coal was not uniform, requiring an alternate solution be 
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found. The brucine sulfanilic acid procedure (APHA, 1976) 
was modified for use with an autoclave. It was found that 
the organics could be charred prior to color development 
and then subtracted from the final absorbance readings. 
Charring of the organics was achieved by autoclaving the 
samples at 121°c for 15 minutes after the addition of the 
sodium chloride and sulfuric acid solutions, but prior to 
the addition of the brucine sulfanilic acid solution. 
Samples were then cooled and their absorbance recorded. The 
brucine sulfanilic acid solution was then added and the 
samples were again autoclaved for the same period, cooled, 
and their absorbance reread. Values of the initial absor- 
bance were subtracted from the second readings to obtain the 
actual nitrate values. This procedure was found to yield 
reproducible results even at low nitrate concentrations. 
The remaining analyses were performed in accordance with 
the procedures in Standard Methods (APHA, 1976) by the 
following methods: chloride (mercuric nitrate), sulfate 
(turbidimetric), and silica (molybdosilicate). Concentra- 
tions of these ions were sufficiently high to allow dilution 
to minimize any interference resulting from high levels of 
dissolved carbon or other ions within the water. 
Alkalinity, pH, and Total co2 
The pH was read to two decimal place accuracy with a 
Beckman model SS-3 pH meter. Alkalinity was determined 
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titrametrically using a sulfuric acid tirant of 1.104 N for 
Bob's and Goose Lakes and 0.110 N for Blue and Roundup Lakes. 
Endpoints of 4.3 and 8.3 were chosen as most closely match- 
ing the titration inflection points for each of the four 
lakes. 
Total co2 was determined from the temperature, pH and 
alkalinity data according to the table in Saunders et al. 
(1962). While no correction was necessary for Blue or 
Roundup Lakes, the increased salt concentration in Goose Lake 
necessitated that the Saunder's equation be modified to 
handle the increased ion concentrations found in Goose Lake. 
An error was found in the equation published by Saunders 
et al.; however, the table values were found to be correct. 
Once the equation was corrected, it was modified with the 
ionization constants for carbonic acid at the appropriate 
temperatures and ionic strengths. The initial ionization 
constants were obtained from the Handbook of Chemistry and 
Physics (CRC, 1977) and modified according to Harned and 
Bonner, 1945; Harned and Schroles, 1941; and Moore, 1938. 
No similar method has been found for determining total co2 
at ionic strengths as high as those found in Bob's Lake. 
Primary Productivity C-14 Uptake 
Aliquots from the light and dark bottles of the carbon 
assimilation experiments were filtered through 27 mm 0.45 µm 
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Millipore type HA filters. Filtrate was collected directly 
into scintillation vials, where 15 mls were acidified, 
lyophilized, and analyzed for excreted organic carbon 
(McKinley et al., 1977). Filters were dried in scintilla- 
tion vials, fumed with HCl, inunersed in 15 ml Hydroscint II, 
a dioxane-based scintillation cocktail, and sonicated for 
10 minutes in an Land R model LU ultrasonic sonicator. 
Samples were then counted in a Packard model 2450 liquid 
scintillation spectrometer at factory set, amplifier gain and 
window widths. External standardization, as well as preset 
counting times of 10 minutes were chosen for these samples of 
widely varying activities. All counts were converted to 
disintegrations per minute (dpm). Counting rates were con- 
verted to grams of carbon assimilated per liter per hour 
(Goldman et al., 1974) for both fixed and excreted organic 
carbon. 
To test the efficiency of removal of inorganic carbon 
from the EOC samples, an exchange of labeled inorganic carbon 
for unlabeled carbon was made by bubbling the samples with 
carbon dioxide which had been saturated with dioxane. Samples 
were counted both initially and then after one hour of 
vigorous bubbling. These two counts were not significantly 
different. 
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Data Analysis 
Physical, chemical, and biological parameters for Blue, 
Roundup, and Goose Lakes and physical and chemical parameters 
for Bob's Lake from June, 1977 through September, 1978 were 
analyzed with the University of Nebraska Lincoln computing 
system's Statistical Analysis System (SAS). Covarience of 
selected parameters was examined within the lakes and within 
the three different sampling depths at Blue Lake. Alpha 
values (1 -r) were chosen to be less than 0.03 for statistical 
significance at the 97% confidence level. This high level was 
chosen since the number of observations approached the number 
of treatments. Matrices were prepared showing the correla- 
tions for the selected parameters. 
Comparisons between the lakes were made in two ways. 
The results of the covariance analysis revealed how 
parameters were coupled within each system. Comparisons of 
these data between the lakes revealed how the systems re- 
sponded to similar seasonal perturbations. By comparing 
covariance between lakes, and evaluation was made of whether 
similar coupling existed among the lakes of this study. 
Values for Blue Lake were initially consolidated from the data 
from the three separate depths. With consolidated data for 
Blue Lake, corrparisons of covariance between lakes were 
made. The sedond method of between-lake comparisons was by 
3a 
comparing the seasonal plots of the parameters. Short term 
correlations, which were often not picked up by the covari- 
ance analysis, were apparent when the data were graphically 
compared. 
RESULTS 
Blue Lake 
Table l shows the means and the ranges for the 
parameters measured in Blue Lake. 
The surface water, while nearly always saturated with 
dissolved oxygen, maintained dissolved oxygen concentrations 
of between 6.0 and 16.4 mg/l. These levels are at or above 
saturation for the water temperatures found during the 
period of observation (0-30.0°C). Oxygen diminished with 
depth in the water column but never fell below 1.0 mg/l 
(Fig. 2). water temperatures in the deep water were 
typically 4-soc lower during the summer and 3-4°c warmer in 
the winter than at the surface. 
Light penetration within Blue Lake was reduced due to 
absorption by algal cells. Observations made using an 
inverted microscope showed little vascular plant material or 
suspended sediments within the water column. Only among the 
13 January, 18 March, and 29 April, 1978 samples were vascu- 
lar plant materials or suspended sediments noted to be a 
significant portion of the suspended material. On the first 
two occasions this was due to the lower algal numbers and 
decomposition of the submerged Scirpus. The third occasion 
occurred after wind and rain had mixed additional 
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decomposing plant material from the peripheral Scirpus 
marsh. While both the extinction coefficient (Fig. 4) 
and the Secchi disc transparency (Fig. 5) generally appear 
to vary directly with total phytoplankton (Fig. 24), they 
are not significantly correlated (Table 7). Within Blue 
Lake, the extinction coefficient varied from between 11.33 
to 1.21 and averaged 5.82. Secchi disc transparency varied 
between 13-32 cm with an average of 21 cm. The average 
euphotic zone depth was 0.79 m. 
Specific conductivity varied between 191 to 480 µmhos/cm 
throughout the water column. A trend of increasing conducti- 
vity was observed throughout the study (Fig. 6). This trend 
appears to override the seasonal fluctuations in conductivity 
due to precipitation. 
Total dissolved solids (TDS) were positively correlated 
with conductivity at 0 min Blue Lake. Like conductivity, 
TDS values increased throughout the study period and ranged 
between 123 to 480 mg/l. Seasonal trends were more evident 
than with conductivity and distinct chemical stratification 
was observed during ice cover on the 13 January and 18 March 
samplings (Fig. 7). Shifting in stratification between the 
two sampling dates is believed to be due to diffusion 
currents within the water as the surface water warmed prior 
to ice breakup. 
Fig. 2. Seasonal variations in dissolved oxygen within 
Blue, Roundup, and Goose Lakes between June 
1977 and September 1978. Vertically alined 
points at Blue Lake indicate variation between 
sampling depths. 
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Fig. 3. Seasonal variations in temperature within Blue, 
Roundup, Goose, and Bob's Lakes between June 
1977 and September 1978. Vertically alined 
points at Blue Lake indicate variation between 
sampling depths. 
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Fig. 4. Seasonal variations in extinction coefficient 
within Blue, Roundup, and Goose Lakes between 
June 1977 and September 1978. Vertically 
alined points at Blue Lake indicate variation 
between sampling depths. 
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Fig. 5. Seasonal variations in Secchi disc transparency 
within Blue, Roundup, and Goose Lakes between 
June 1977 and September 1978. Vertically alined 
points at Blue Lake indicate variation between 
sampling depths. 
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Fig. 6. Seasonal variations in specific conductivity 
within Blue, Roundup, Goose, and Bob's Lakes 
between June 1977 and September 1978. Verti- 
cally alined points at Blue Lake indicate 
variation between sampling depths. 
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F . 7 Seasonal variations in total dissolved solids ig .• 
within Blue, Roundup, Goose, and Bob's Lakes 
between June 1977 and September 1978. Verti- 
cally alined points at Blue Lake indicate 
variation between sampling depths. 
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Varying between 7.61 and 9.77, the pH in Blue Lake 
changed with season and as a result of biological activity. 
During periods of active photosynthesis, a pH gradient of 
0.3 pH units developed between the surface and 5 m (Fig. 8). 
Alkalinity was positively correlated with conductivity at 
all depths and varied between 242-390 mg/l (Fig. 9). 
Cations 
Potassium was found to the primary cation in Blue Lake 
accounting for just over 50% of the total cations. Potassium 
was positively correlated with sodium (Fig. 11). These two 
cations accounted for 90% of the total cations with calcium 
and magnesium making up most of the remaining cations (Figs. 
12, 13). Mean levels for potassium, sodium, magnesium, and 
calcium were 88, 71, 16.1, and 3.9 mg/l, respectively. All 
cations followed hydrological fluctuations in Blue Lake. 
All but calcium were significantly positively correlated 
with the yearly net precipitation. The sharp drop in calcium 
concentration on 15 and 22 June 1978 (Fig. 13) cannot be 
attributed to hydrological fluctuations and is most likely 
due to marl formation. 
Anions 
Of the measured nutrients, nitrate and phosphate were 
affected by the phytoplankton most dramatically. Nitrate 
Fig. 8. Seasonal variations in pH within Blue, Roundup, 
Goose, and Bob's Lakes between June 1977 and 
September 1978. Vertically alined points at 
Blue Lake indicate variation between sampling 
depths. 
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Fig. 9. Seasonal variations in alkalinity within Blue, 
Roundup, Goose, and Bob's Lakes between June 
1977 and September 1978. Vertically alined 
points at Blue Lake indicate variation between 
sampling depths. 
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Fig. 10. Seasonal variation in potassium concentration 
within Blue, Roundup, Goose, and Bob's Lakes 
between June 1977 and September 1978. Verti- 
cally alined points at Blue Lake indicate 
variation between sampling depths. 
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Fig. 11. Seasonal variation in sodium concentration 
within Blue, Roundup, Goose, and Bob's Lakes 
between June 1977 and September 1978. Verti- 
cally alined points at Blue Lake indicate 
variation between sampling depths. 
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Fig. 12. Seasonal variations in magnesium concentrations 
within Blue, Roundup, Goose, and Bob's Lakes 
between June 1977 and September 1978. Verti- 
cally alined points at Blue Lake indicate 
variation between sampling depths. 
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Fig 13. Seasonal variations in calcium concentrations 
within Blue, Roundup, Goose, and Bob's Lakes 
between June 1977 and September 1978. Verti- 
cally alined points at Blue Lake indicate 
variation between sampling depths. 
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was frequently depleted from the water column (Fig. 14). 
The average nitrate value of 2.14 mg/l N03-N for Blue 
Lake reflects not only prolonged periods of depleted 
nitrate levels, but also extremely high levels of nitrate 
found at the 5 m depth during ice cover. Nitrate levels 
of 17.14 and 18.16 mg/l, observed on the 13 January and 
18 March sampling dates, skewed this average far above the 
characteristic values found in Blue Lake water. 
Phosphate levels ranged from between 0.012 to 0.131 
mg/l (Fig. 15, Table 1). Phosphate levels fluctuated 
similarly to nitrate although they were found to be more 
erratic than the nitrate; however, phosphate never declined 
to undetectable levels. Similar variations in the nitrate 
and phosphate concentrations were observed during the 
stratified ice covered period. 
Sulfate and chloride were positively correlated, varied 
little between seasons, and tended to increase throughout 
the study period (Figs. 16 and 17). Mean values for sul- 
fate and chloride were 31.43 and 14.90 mg/l, far in excess 
of levels required by the biota. Variations in the level 
of these ions are due to dilution and concentration associ- 
ated with changes in the volume of the lake. No evidence 
of precipitation of either of these ions was found at the 
concentrations within Blue Lake. 
Fig. 14. Seasonal variations in nitrate concentrations 
within Blue, Roundup, Goose, and Bob's Lakes 
between June 1977 and September 1978. Verti- 
cally alined points at Blue Lake indicate 
variation between sampling depths. 
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Fig. 15. Seasonal variations in phosphate concentrations 
within Blue, Roundup, Goose, and Bob's Lakes 
between June 1977 and September 1978. Verti- 
cally alined points at Blue Lake indicate 
variation between sampling depths. 
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Fig. 16. Seasonal variations in sulfate concentrations 
within Blue, Roundup, Goose, and Bob's Lakes 
between June 1977 and September 1978. Verti- 
cally alined points at Blue Lake indicate 
variation between sampling depths. 
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Fig. 17. Seasonal variations in chloride concentrations 
within Blue, Roundup, Goose, and Bob's Lakes 
between June 1977 and September 1978. Verti- 
cally alined points at Blue Lake indicate 
variation between sampling depths. 
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Fig. 18. Seasonal variations in silica concentration 
within Blue, Roundup, Goose, and Bob's Lakes 
between June 1977 and September 1978. Verti- 
cally alined points at Blue Lake indicate 
variation between sampling depths. 
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Silica levels within Blue Lake were high, though 
typical of waters throughout the sandhills region, and 
averaged 20.0 mg/l Si02. Silica levels remained relatively 
constant except during the sampling periods of 15 April, 
29 April, and 31 May 1978. The decline of silica during 
this period coincided with an increase in the diatom 
populations. This, however, cannot account for either the 
magnitude or the sequence of silica depletion. Silica 
initially became depleted from the deepest water (Fig. 18) 
contrary to what would be expected if this depletion was due 
to diatom uptake. I believe that silica became complexed 
with a metal, most likely ferrous iron, released from the 
sediment. 
Stumm & Morgan, 1970 
This silica complex precipitated from solution or remained 
near the water-sediment interface, effectively removing the 
silica from the solution. Only after the sediments were 
wind mixed, and the oxygen content increased, was the silica 
released from its complexed state. The rapid rise in the 
silica concentration observed in Blue Lake can be accounted 
for by a release of silica from the sediments. 
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Only twice during the sampling period was the water 
of this lake stratified, one occasion occurred during 
a period of ice cover, and the other occurred late in the 
fall. These periods revealed both chemical as well as 
biological stratifications as shown clearly in Figures 7, 
14, and 15 for the 29 October 1977 and 18 March 1978 
sampling dates. These figures also indicate a layered 
stratification for 18 March 1978 showing a dilution of the 
deepest waters by springfed inflow. Inflow of this type at 
the deepest location within the lake was not unexpected and 
is not believed to be restricted to this single location. 
It does help to explain however, why the deepest point in 
the lake would occur at this particular location being not 
only near shore, but also in the narrows between two larger 
bodies of water. 
Plankton 
By many definitions, Blue Lake was continually under- 
going an algal bloom. The phytoplankton cell counts 
averaged approximately 1.5 x 106 cells/ml throughout the 
period of observation. While no surface film was ever 
observed, the phytoplankton on numerous occasions gave the 
water of Blue Lake the appearance of green pigment. 
Oscillatoria limnetica was the dominant species throughout 
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the study period, yet algal diversity remained high 
throughout the seasons sampled. Forty-eight taxa were 
counted representing many more species (Table J). Several 
groups were present in all of the samples collected, 
these included: Anabaena spp., Oscillatoria limnetica, 
and o. subbrevis. Several others were present in all but 
a few of the collected samples including Aphanothece 
nidulans and Navicula spp. The other phytoplankton varied 
according to physical or chemical optima for their popula- 
tions. A general seasonal trend in phytoplankton numbers 
may be observed in Figure 24. Especially notable is the 
overall decline from the summer of 1977 to 1978. While 
individual families of phytoplankton had ili.stinct seasonal 
peaks in 1978, the overall phytoplankton densities did not 
attain the same magnitude as those observed in 1977. 
Correlation analysis provided no clues to explain this trend, 
as no covariance with the phytoplankton was demonstrated 
other than that which would be controlled by the phyto- 
plankton population itself. While no single nutrient or 
physical parameter is indicated, a synergistic effect or an 
unmeasured parameter cannot be discounted. 
zooplankton densities were higher in 1978 than in 1977 
(Fig. 19). While cropping by the zooplankton may account 
for some of the overall variation in phytoplankton numbers 
between these years, low densities of zooplankton found in 
Fig. 19. Seasonal variations in zooplankton density 
within Blue, Roundup, and Goose Lakes between 
June 1977 and September 1978. 
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Blue Lake (0.01-0.08 ml/ll cannot account for the degree of 
variation observed, especially considering the mangitude 
and composition of the phytoplankton population. 
Chlorophyll~ concentrations within Blue Lake are 
consistent with the high algal density. Highest values 
were observed at the 0 m depth in the summer of 1977 when 
chlorophyll a concentrations as high as 788 µg/l were 
observed (Table 1). Chlorophyll~ values, when corrected 
for pheophytin ~were lower, with a maximum value of 605 
µg/l. Chlorophyll~ and corrected chlorophyll~ values 
decreased with depth in the water column, although remain- 
ing high throughout the year. The minimum value for 
chlorophyll~ at the surface of Blue Lake was 47 µg/l. 
Corrected chlorophyll~ values were below the l µg/l level 
of detection. While no significant correlation was found 
between chlorophyll~ or chlorophyll~pheophytin a and the 
carbon assimilation rate, a positive correlation was found 
between the total phytoplankton counts and corrected and 
uncorrected chlorophyll~ values (Table 7). 
Primary productivity in Blue Lake is extremely high, 
rivaling some of the highest values reported in the litera- 
ture. On 13 July 1977 and 24 July 1978, productivity rates 
exceeded 1.3 mgC/l/hr (Table 4). These productivity values 
place it in the upper range of productivity of the lakes 
reviewed by Haynes (1978) who observed carbon assimilation 
as high as 11.13 gC/m2/day in saline Saskatchewan lakes. 
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These reports are rare and have most often represented only 
short term pulses. This was not indicated within Blue Lake 
where these levels were believed to be typical throughout 
the summer period. 
Photosynthesis is usually considered to be of 
quantitative importance only in that portion of the water 
column where light penetration exceeds 1% of the incident 
solar radiation. Below that level no significant photo- 
synthesis is believed to occur. This was not the case in 
Blue Lake where as much as 24% of the carbon assimilation 
occurred below the 1% light level (Table 4). Assimilation 
rates of 10-15% appeared to be typical below the 1% level. 
These levels are far too high to be routinely discounted. 
None of the above values take into account that lost 
from the cells as excreted labeled organic carbon. Higher 
levels of overall productivity would be calculated if these 
organic carbons were also considered. Typically these 
accounted for approximately 5-10% of the carbon uptake 
(Figs. 22, 23). Extracellular release rates appear to be 
related to the rate of carbon assimilation (Table 7). This 
finding is contrary to the observations made by Nalewajko 
and Schindler (1976), and should be investigated further to 
determine the exact nature of this interaction. 
Fig. 20. Seasonal variations in chlorophyll~ concen- 
tration within Blue, Roundup, and Goose Lakes 
between June 1977 and September 1978. Verti- 
cally alined points at Blue Lake indicate 
variation between sampling depths. 
JUL AUG SEP OCT NOV DEC JAN FEB MAR A PR MAY JUN JUL AUG 1977 
Fig. 21. Seasonal variations in chlorophyll ~-pheo- 
phytin ~within Blue, Roundup, and Goose 
Lakes between June 1977 and September 1978. 
Vertically alined points at Blue Lake 
indicate variation between sampling depths. 
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Fig. 22. Seasonal variations in phytoplankton primary 
productivity within Blue Lake between June 
1977 and September 1978. Carbon assimilation 
and extra cellular release rates are given for 
three depths O, 2, and 5 m. 
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Fig. 23. Seasonal variations in phytoplankton primary 
productivity within Roundup and Goose Lakes 
between June 1977 and September 1978. Carbon 
assimilation and extra cellular release rates 
are given for each lake. 
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Fig. 24. Seasonal variations in phytoplankton densities 
within Blue, Roundup, and Goose Lakes between 
June 1977 and September 1978. Vertically alined 
points at Blue Lake indicate variation between 
sampling depths. 
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Fig. 25. Seasonal variations in Cyanophyta densities 
within Blue, Roundup, and Goose Lakes between 
June 1977 and Se?tember 1978. Vertically 
alined points at Blue Lake indicate variation 
between sampling depths. 
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Fig. 26. Seasonal variations in Chlorophyta densities 
within Bll\e, Roundup, and Goose Lakes between 
June 1977 and September 1978. Vertically 
alined points at Blue Lake indicate variation 
between sampling depths. 
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Fig. 27. Seasonal variations in Bacillariophyceae 
densities within Blue, Roundup, and Goose 
Lakes between June 1977 and September 1978. 
Vertically alined points at Blue Lake 
indicate variation between sampling depths. 
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Roundup Lake 
water temperature in Roundup Lake varied between 0.7- 
0 27.8 c. Isothermal conditions were typical in Roundup Lake. 
High light extinction within Roundup Lake is due to suspen- 
ded silts and detrital material. Wind borne sediments were 
readily mixed into the water column reducing the trans- 
parency of the water; this is clearly evidenced by the mean 
extinct coefficient of 6.08 and the Secchi disc transparency 
of 33 cm (Table 2). Diffuse light readings of 1-5 micro- 
Einsteins/m2 were frequently noted to the bottom of this lake. 
conductivity varied between 489-790 µmhos/cm, approximately 
twice the values found in Blue Lake. Total dissolved solids 
were only slightly above that found in Blue Lake with a mean 
value of 760 mg/las compared to the 699 mg/l value for Blue 
Lake. The pH of Roundup Lake varied moderately between 8.20 
and 9.40, being buffered by an alkalinity which was nearly 
twice that of Blue Lake (Fig. 9). The mean alkalinity of 
Roundup Lake was 588 mg/l. 
Cations 
Potassium and sodium concentrations followed the hydro- 
logical cycle within Roundup Lake (Figs. 10, 11). Calcium 
and magnesium concentrations were noted to dro? sharply when 
conditions were optimal for the formation of marl and Mgco3• 
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During the remaining period, the hydrological fluctuations 
governed the concentrations of these ions. 
Anions 
Nitrate levels varied greatly from a low of 0.0 mg/l 
to a high of 6.73 mg/l. Typically however, nitrate was 
found in very low levels. Loss of nitrogen by denitrifying 
bacteria in the sediments is believed to account for a 
large part of the nitrogen deficiency within Roundup Lake. 
Phosphate was abundant throughout the period of study 
(Fig. 15). The variability observed in the phosphate levels 
was similar to that of the hydrological variations. 
However, correlation analysis revealed a statistical cor- 
relation with total dissolved solids, suggesting the 
importance of runoff as a source of phosphate in this system. 
Sulfate, chloride, and silica are abundant within Roundup 
Lake. Silica concentrations dropped markedly both after 
spring thaw and throughout the summer of 1978. While dilu- 
tion is believed to have played a role in the drop in 
concentration following spring thaw, chemical complexing 
and precipitation similar to that described for Blue Lake is 
thought to have an important intermittent effect on the 
silica concentration within Roundup Lake. 
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Primary Productivity 
The standing crop of phytoplankton in Roundup Lake 
was much smaller than that observed in Blue Lake. Cropping 
by zooplankters probably accounts for some of the variation 
since zooplankton densities were over 2.5 times those in 
Blue Lake with an average value of 0.069 ml/l. 
c-14 primary productivity experiments showed a sharp 
reduction in the productivity of Roundup Lake as compared 
to Blue Lake. The mean carbon assimilation rate was only 
one fifth the rate for Blue Lake (Tables 1, 2). Lower 
phytoplankton numbers are also reflected in the chlorophyll 
values (Figs. 20, 21) as well as the phytoplankton gross 
counts (Figs. 24-27). Reduced phytoplankton densities 
are an outcome of the restricted euphotic zone in the lake 
and the low levels of available nitrogen. 
Reduced phytoplankton densities were not accompanied 
by a decline in phytoplankton diversity. Forty-five taxa 
were identified within Roundup Lake. None were present in 
all of the samples observed, and several were observed at 
only one sampling date. Some of the more persistent phyto- 
plankton were Aphanocapsa delicatissima Chlamydomonas 
angulosa, Pediastrum boryanum, Polydriopsis spinulosa, 
Navicula spp., Nitzschia spp., Stephanodiscus spp., Surirella 
brightwelli, and Synedra spp. A distinct phytoplankton shift 
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was observed in the summer of 1978, as shown clearly in 
Table 5. This shift was marked by a decline in phyto- 
plankton numbers and the loss of several persistent taxa 
from the lake water. 
Goose Lake 
The temperature of water in Goose Lake varied between 
o.l-27.4oc. The extensive surface area combined with the 
turbidity of the water allowed for both rapid warming and 
cooling of the water body. The dissolved oxygen, uncorrec- 
ted for salinity, was nearly always at or above the 
saturation level. If the results had been corrected for 
salinity effects as in Green and Carritt (1967), they would 
have been slightly lower. The highest dissolved oxygen 
concentration measured coincided with Tetrastrum 
staurogeniaeforme bloom in the candled ice covering Goose 
Lake in early spring (Fig. 2). The phytoplankton were found 
to have extensively colonized the hollows within the candled 
ice. The ice cover over the lake allowed for the accumula- 
tion of the liberated oxygen to 17.5 mg/l, which is 135% 
above saturation. 
Light penetration within Goose Lake is impeded by 
inorganic particulate as well as organic detrital material. 
Sand makes up an appreciable amount of the turbidity when 
the lake is actively mixing but this material quickly settles 
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out of suspension during calm. Extinction coefficients 
in Goose Lake were slightly greater than those observed in 
Roundup Lake (Fig. 4). The average Secchi disc measurement 
of 24 cm was,however, 9 cm less than the 33 cm average in 
Roundup Lake. 
overall salt concentrations were approximately four 
times higher than those in Roundup Lake and ten times the 
values in Blue Lake. Conductivity within Goose Lake 
averaged 2538 µmhos/cm with values observed as low as 239 
and as high as 3920 µmhos/cm. The low value resulted from 
fresh thaw water which had been partially mixed with the lake 
water when measured through the early spring ice, 18 March 
1980. This value was not representative of the lake as a 
whole, but the candled ice condition which existed during 
that sampling trip precluded extensive travel on the ice and 
made it impossible to sample at the normal sampling location. 
This necessitated a sampling site be chosen closer to shore. 
The proximity to shore and the reduced depth of the water 
under this sampling site undoubtedly resulted in the sampling 
of dilute lake water, as in Blue and Roundup Lake. Total 
dissolved solids were positively correlated with specific 
conductivity. While the range of total dissolved solids was 
quite broad, the mean value of 3743 mg/l was typical of the 
values measured in Goose Lake through the late spring and 
summer periods (Fig. 7). 
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The buffering capacity of the bicarbonates in Goose 
Lake is well documented by the stability of the pH readings. 
Hydrological fluctuations, which would normally produce 
quite variable pH, are completely dampened. The buffering 
ability of the bicarbonates in solution and in the sedi- 
ments is reflected in the stable pH values, which ranged 
between 9.00 to 9.62 and averaged 9.34. 
consistently high alkalinity values (x = 2477 mg/ll 
further demonstrate the strong buffering capacity of this 
water. 
Potassium, sodium, chloride, and sulfate are all 
positively correlated. These parameters vary with the 
hydrological fluctuations within Goose Lake. Similar to 
Blue and Roundup Lakes, the levels of these compounds 
greatly exceed the requirements of the biota. While calcium 
and magnesium are positively correlated, they are not 
significantly correlated with sodium, potassium, chloride, 
or sulfate. Although the differences between these ions 
appeared to be slight through most of the sampling period, 
the precipitation of these ions as marl and MgC03 distin- 
guished calcium and magnesium from the other cations. Marl 
formation in the summer counters the effect of concentration 
by evaporation and results in a reasonably constant concen- 
tration of these ions. The late summer solution of the 
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marl, following decomposition of the aquatic macrophytes 
further distinguishes these ions from those independently 
following the hydrological cycle. 
Nitrate levels within Goose Lake were below the limit. 
of detection for prolonged periods (Fig. 14). In contrast 
to other lakes in this study, the bottom sediments of Goose 
Lake contain only a small amount of organic material. The 
sediments in the vicinity of the marsh area on the northern 
perimeter of the lake are the only exception. Nitrate 
releases from the substrate are believed to be restricted 
to this marsh area which is remote from the sampling site. 
The variation in nitrate concentration observed in Goose 
Lake follows an erratic pattern. A single exceptionally 
high nitrate value observed early in the summer of 1977 of 
S.B mg/l is currently without explanation. Most nitrate 
values were indicative of a system with little available 
nitrate and moderate levels of nitrate uptake. Sporadic 
increases in the nitrate concentrations in Goose Lake (Fig. 
14)are assumed to result from the release of biological 
nitrogen sinks, including the marsh area and the sediments 
near the marsh area. 
Phosphate levels of 0.3 mg/l throughout the winter were 
readily depleted during periods of biological activity (Fig. 
15). Phosphate levels declined in the spring, coincidental 
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with the algal bloom in the candled ice. Levels of 0.06 
mg/l were then maintained throughout the spring and fall. 
These values suggest only low level or transitory periods 
of biological demand on the available phosphate supply. 
Silica levels within Goose Lake varied dramatically 
between 0.0-24.1 mg/l. While silica concentrations were 
significantly correlated with phosphate, no coupling 
mechanism has been found other than that silica and phos- 
phate are both found in the sediments and may be 
simultaneously released as the sediments are windrnixed 
through the water column. 
zooplankton exhibited a patchy distribution with 
highest densities characteristically found in the littoral 
vegetation. Densities as great as 0.31 ml/l were observed. 
Pigmentation of the zooplankton of Goose Lake varied 
seasonally end was a bright red during the colder period of 
sampling. Large species of Daphnia, especially~· similis 
are common in the lake. Zooplankton were not signifi- 
cantly correlated with any of the other measured parameters. 
Primary productivity in Goose Lake, as measured by all 
indices, was far lower than that in Blue Lake and was 
similar to that in Roundup Lake. Uncorrected chlorophyll a 
values never exceeded 219 µg/l and corrected values never 
exceeded 89 µg/l (Table 2). Chlorophyll values do not 
reflect the algal bloom which occurred within the candled 
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ice. This indicates that the bloom was confined primarily 
to the catacombs within the ice. Carbon assimilation rates 
averaged 0.13 mgC/l/hr as compared with 0.10 and 0.50 for 
Roundup and Blue Lakes (Figs. 1, 2). 
Three distinct phytoplankton peaks were observed. 
These peaks occurred in August 1977, October 1977, and July 
1978 (Fig. 24). Cyanophyta and Chlorophyta were primarily 
responsible for these peaks (Figs. 25, 26). Diatom peaks 
occurred in September, 1977 and April, 1978 when other 
phytoplankton species were at their lowest levels and were 
not of sufficient magnitude to be recorded among the 
prominent phytoplankton peaks. Average diatom concentra- 
tions approximated 500 cell units/ml as compared to an 
average of 114,000 for the total phytoplankton. No correla- 
tion was found between the diatoms and the silica 
concentration. 
An unsual saddle-shaped diatom Campylodiscus sp. was 
observed in Goose Lake on a sporadic basis. This diatom 
was found in samples collected on 20 July 1977, 15 April 
1978, and 21 August 1978. Campylodiscus is restricted to 
saline habitats similar to those found within Goose Lake. 
Few phytoplankton within Goose Lake were persistent. 
Only three were observed in over 50% of the samples: 
Aphanocapsa delicatissima, Sphaerocystis schroeteri, and 
Ophiocytium capitatum. Of these, Aphanocapsa delicatissima 
.... 
Ill .... .... 
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was the dominant species. This primarily benthic alga was 
readily mixed into the water column. Other species were 
observed on a very sporadic basis. Forty five percent of 
these observations were single encounters while many of the 
others were observed in four or fewer samples. While no 
correlation analysis was possible on a species level due to 
these low levels of occurrence, the group correlations 
revealed some interesting relationships. Carbon assimilation 
was positively correlated with the Chlorophyceae and there- 
fore primarily Sphaerocystis schroeteri rather than the 
dominant blue-green alga Aphanocapsa delicatissima. 
Chlorophyll~ values were likewise only correlated with the 
Chlorophyceae. Bacillariophyceae were positively correlated 
with the light extinction coefficient as well as with extra- 
cellular release. 
Bob's Lake 
Exhibiting wide extremes in seasonal temperature, the 
water of Bob's lake fluctuated between -3.0 to 30.0oc, a 
range of 33°C. Extremes are characteristic of Bob's Lake. 
The dissolved ion concentration in the water was higher 
than the saturated KCl solution in the dissolved oxygen 
probe; needless to say, this rendered the probe inoperative. 
Winkler or modified Winkler methods were also found to be 
inaccurate under the highly alkaline conditions. The Miller 
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method for dissolved oxygen was later found tobe applicable 
to Bob's Lake and it was used to measure dissolved oxygen. 
Dissolved oxygen values in the water column varied between 
4 and 6 mg/l, which represented nearly saturated conditions 
for water having the high ionic concentrations present. 
Ion levels were approximately 100 times those found in 
Blue Lake, 50 times those in Roundup Lake, and 10 times those 
in Goose Lake. Specific conductivity and total dissolved 
solids in the lake varied with the hydrological inputs. 
specific conductivity varied between 10,000-41,200 µmhos/cm, 
with a mean of 28,200 µmhos/cm. Total dissolved solids 
varied between 4,000 and 156,000 with a mean of 63,000 mg/l. 
Fifteen percent of the dissolved material not contributing 
to the specific conductivity is probably dissolved organic 
material which volatilized upon combustion at 5500c. This 
fraction varied only slightly throughout the summer and fall 
but rose sharply in the spring to around 50%. These fluctua- 
tions reflect the low rates of biological utilization and 
relatively lower concentration of dissolved ions caused 
by snow melt. 
The high concentration of dissolved organic material in 
the water imparts a yellow color to it. This was distinc- 
tive among the lakes studied. Secchi disc transparencies 
always exceeded the depth to the bottom of the lake. 
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Extinction coefficients varied between 2.00 and 4.00 with an 
average value of 2.92. 
The pH in Bob's Lake varied only slightly, between 
9.95 and 10.40. The tremendous buffering capacity of the 
carbonates in this lake are further demonstrated by the 
alkalinity which averaged 35,700 mg/l (Fig. 9). 
Potassium and sodium varied with the hydrological cycle 
throughout much of the year. The 18 March 1978 sample 
revealed evidence of loss of these ions from the water 
column due to precipitation. Ice cover was just breaking 
off the lake on that sampling date and little dilution of 
the lake by the ice or snow melt had occurred. In spite of 
this, sodium and potassium concentrations were at their 
lowest levels. The finding of crystals of sodium carbonate 
hepta-hydrate on the sediments during that sampling trip 
confirmed their precipitative loss. These flat planar 
crystals 4 to 5 cm in hei~ht covered the sediment as the ice 
began to break up throughout the lake. 
calcium and magnesium were absent from the water 
column. Stochastic precipitation of these cations at a pH 
above 9.5 entrapped any calcium or magnesium into the 
sediments. 
Nitrate and phosphate levels in Bob's Lake showed a 
variability indicative of high rates of utilization with 
rapid rates of nutrient recycling. The mean nitrate value 
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was 1.17 mg/l but this is skewed by an unusually high value 
of 13.11 mg/l which was recorded on 9 July 1977. If this 
value is excluded, a mean value of 0.62 is obtained, a value 
much more representative of Bob's Lake (Fig. 14). 
Phosphate levels were highly variable and averaged 0.05 
mg/l. Especially noteworthy is the continual availability 
of phosphate throughout the sampling period. Low phosphate 
levels were recorded in the sununer of 1977 during the peak 
period of benthic productivity. These low levels of 0.008 
mg/l were never again observed (Fig. 15). Phosphate 
variations were not correlated with any of the other 
parameters measured in Bob's Lake. However, since this 
correlation analysis in Bob's Lake was limited to physical 
and chemical parameters, these results are not considered 
unusual. Peaks in the phosphate concentration occurred at 
irregular intervals throughout the study period including 
July and October 1977 and April and May of 1978. These 
peak values approached 0.15 mg/l. 
Sulfate and chloride levels were positively correlated 
in Bob's Lake. These ions were nearly matched in their 
concentrations which averaged 4,630 and 4,220 mg/l respec- 
tively. Precipitation of both ions was followed by gradual 
solution of the precipitates the following spring. Satura- 
tion and solubility constants for these two ions play an im- 
portant role in their final concentrations in Bob's Lake. 
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Silica levels varied between 27 and 172 mg/l Si02• The 
fluctuations observed are extreme considering that the 
variations occurred during periods with uniformly high 
temperatures and pH. Diatom utilization was not a factor in 
this fluctuation due to their low numbers (10-100 cells/ml). 
complexing of the silica with ferrous iron and its loss to 
the sediments is believed to account for part of the 
seasonal fluctuations, especially that observed in July 1977 
(Fig. 18). The release of ferrous iron from the sediments 
would coincide with anoxia near the marsh at the sediment 
interface and high sediment temperatures; both conditions 
are typically present in Bob's Lake during the midsummer. 
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DISCUSSION 
Blue Lake 
Blue Lake is an exceptionally productive system. It 
falls within the 300-3000 µmhos/cm specific conductivity 
range shown to have the highest productivity among the' 
prairie pothole lakes in southern Manitoba (Barica, 1978). 
Nutrients were readily available, even during periods of 
peak biological uptake. With the exception of silica and 
nitrate nitrogen, none of the measured nutrients fell below 
limiting levels. While diatoms may have been temporarily 
limited by the silica depletion, alternate sources of 
nitrogen as well as rapid rates of nutrient recycling allevi- 
ated the effects of inte:a:ri. ttently l<M nitrate concentrations. Blm 
Lake is located in a very old dra.i.naqe basin which is believed to 
predate the dure sand deposition. As a result, the soils are better 
developed and hold nore ITDis ture. 
These soils have subsequently been stabilized by decayed 
organic material as well as the grasses which cover them. 
While the drainage area for Blue Lake exceeds that of 
Roundup, Goose, and Bob's Lakes combined, the sediment load 
and the resulting turbidity is very low. With available 
light and nutrients, the phytoplankton flourish. Continual 
outflow prevents the accumulation of ions or toxins within 
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the lake. Wind-mixing provides nutrients from the sediments 
to the phytoplankton in the euphotic zone. As production 
increases however, cell density alone begins to restrict 
that euphotic region. 
Nearly continual mixing of the water column by wind 
maintains an active turnover of algal cells with the euphotic 
region. Wind mixing increases the effective euphotic depth 
within Blue Lake. While the theoretical euphotic depth 
in Blue Lake seldom exceeds lm, carbon assimilation was 
occurring throughout the water column. This additional 
carbon assimilation below the euphotic depth is not taken 
into account by traditional methods of determining areal 
productivity rates. Methods described by Saunders et al. 
(1962) or Goldman et al. (1974) underestimate the areal 
rate of primary productivity within Blue Lake by as much as 
24%. 
The chlorophyll~ values reported are some of the 
highest that can be found in the literature for natural 
aquatic systems. This can be accounted for by the 
extrerrelY high pigment concentrations in the water and the 
increased chlorophyll~ extraction efficiency with the DMSO- 
acetone solvent. Increased extraction efficiencies up to 10% 
had been observed, yet in mixed phytoplankton populations 
extraction efficiencies of 5% were common when compared with 
90% acetone (Burnison, 1980). High pheophytin a 
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concentrations are believed to be due to the extended 
storage of the samples prior to analysis. All samples were 
stored at least 1 month, and up to 12. A gradual oxidation 
of the chlorophyll~ to phaeophytin ~occurred during that 
period. 
Associated with the high algal population is what is 
comparatively a very low density zooplankton population. 
Predation by fish in Blue Lake is believed to reduce 
both the standing zooplankton crop and species size. 
Neither zooplankton, total phytoplankton, nor carbon 
assimilation rates were significantly correlated with any of 
the measured parameters. Synergistic interactions appear to 
be the controlling mechanisms. A cyclical productivity 
pattern is suggested by the irregularity in the productivity 
between the seasons studied. Nutrient recycling, hydrologi- 
cal variation, shifts in species composition, or even the 
accumulation of biotoxins may account for the apparent cyclic 
productivity. 
Roundup Lake 
In spite of the inorganic turbidity within Roundup Lake 
primary production remains high. Average chlorophyll~ 
values exceed those observed in the Salt Valley reservoirs 
in eastern Nebraska (Hergenrader, 1980). Since nutrient 
levels are typically not limiting in either of these systems, 
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other factors are believed to account for the higher phyto- 
plankton densities. Possible significant differences 
include the Na/K ratio, higher alkalinities,and the shallower 
basin morphometry in Roundup Lake. In contrast to Blue Lake, 
zooplankton populations were large and diverse. The lack of 
vertebrate predators probably accounts for the large size 
and ex~lains some of the diversity observed among the 
zooplankton. 
Turbidity, which does play a significant role in the 
distribution of aquatic macrophytes, appears to be due to 
a combination of soil composition, water chemistry, and 
continual sediment disruption by wind and waterfowl. Phyto- 
plankton as well, are limited due to absorption of light by 
the inorganic particulate material. While cropping by 
zooplankton may reduce groups of phytoplankton to very low 
levels, the particulate material and littoral vegetation 
provides ample sanctuary to maintain a diverse phytoplankton 
at levels which flourish during optimal conditions. Most 
of the species found in the less alkaline Blue Lake, were 
also found in Roundup Lake. The phytoplankton population 
observed in Roundup Lake is not believed to be adapted to 
the higher alkaline or ionic composition observed in the 
summer of 1978. In the summer of 1978 increasing ionic con- 
centrations resulted in the decline in the number of phyto- 
plankton species within Roundup Lake. 
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Goose Lake 
zooplankton in Goose Lake are as prominent as the 
phytoplankton in Blue Lake. Dense zooplankton swarms of 
Daphnia pulex and D. similis abound in Goose Lake. With- 
out vertebrate predation the zooplankton have become large 
and pigmentation may be quite prominent. During colder 
seasons swarms of Daphnia are bright red in color. 
cropping of phytoplankton by zooplankton is believed to 
have a tremendous influence on both the size and species 
composition. Like Roundup Lake, phytoplankton counts reveal 
the sporadic occurrence of most species. Phytoplankton tend 
to be either small or quite large. This trend appears to be 
a direct result of culling of the phytoplankton by zooplank- 
ton. Reduced phytoplankton diversity is believed to be due 
to the selection for more salt tolerant species. These 
species were smaller than their counterparts in either Blue 
or Roundup Lakes. 
An extremely successful phytoplankter in Goose Lake 
appears to be primarily heterotrophic. High population 
counts of the very small colony former, Aphanocapsa in 
association with low C-14 productivity levels, suggested 
that A. delicatissima may utilize complex dissolved organic 
material rather than fixing inorganic carbon. Heterotrophic 
activity would explain how this alga, which is primarily 
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epilithic and epiphytic, could attain such densities in 
water with such a restricted euphotic depth. Aphanocapsa 
delicatissimahas not been examined experimentally to confirm 
heterotrophic activity. The absence of light and the lack 
of free carbon dioxide were found to be optimal conditions 
for heterotrophic growth (Fay, 1965; Fogg et al., 1973; 
Khoja and Whitton, 1971). Low light levels stimulate 
nitrogen fixation and increase growth rates in nitrogen 
limiting environments. Observations by Khoja and Whitton 
(1971) suggest that Aphanocapsa is characteristic of other 
Cyanophyta shown to be capable of heterotrophic development. 
The non-filamentous morphology, as well as an extensive 
mucilage layer,were characters shared by other heterotrophic 
blue-green algae. The vast amount of vegetative material 
contributed to the lake by the marsh provides a rich source 
of organics. Additional organic material is leached into 
the lake as hurnic acids from surrounding vegetation. Dark 
brown hurnic materials were observed to color the circum- 
ference of the lake as it seeped under the ice cover. An 
increase in the~· delicatissirna population coincided with 
this increase in organic material following spring runoff. 
This unusual spring pulse in a Cyanophyceaenfurther suggests 
that A. delicatissi'ffi relies primarily on heterotrophic 
growth within Goose Lake. 
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Bob's Lake 
Euryhaline species thrive in waters whose ionic 
concentrations fluctuate widely. Life within Bob's Lake 
thrives, but it is life that is adapted to tolerate 
extremes. Temperature and alkalinity reveal some of the 
stresses encountered by the organisms. The temperature of 
the lake varied over 33°C. This fluctuation resulted in 
the precipitation of sodium carbonate salts which formed 
massive beds on the floor of the lake. Ice on the lake was 
never solid, being porous and candled due to the salt crys- 
tals which it contained. Alkalinity values nearly doubled 
from 35,000 to 66,000 mg/l. Variable conditions within 
Bob's Lake are dealt with in many ways by its inhabitants. 
It appears, however, that those periods with the highest 
temperatures and the most rapidly increasing ionic concentra- 
tions coincide with the highest productivity. Euryhaline 
species will tolerate a wide range of ionic concentrations; 
however, no species found in Bob's Lake was also found in 
Goose Lake. This range of tolerance does not appear to 
extend to the levels found in Goose Lake; at least not such 
that they could competitively compete with species more 
adapted to the lower salt concentrations. The pH, as well 
as the change in relative ion concentrations could also 
have contributed to the inability of the more euryhaline 
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species to successfully colonize Goose Lake. The dominance 
of sodium, rather than potassium, in Bob's Lake is unique 
among the lakes studied. Sodium dominance, however, is by 
far the more typical. The significance of sodium or potassium 
dominance cannot be assessed due to the lack of data from other 
potassium dominated saline lakes reported in the literature. 
Between Lake Comparisons Evaluation of Methodology 
Comparisons of the correlation matrices for these lakes 
reveal the magnitude of their overall dissimilarity. Only 
three correlations were collUllOn to all four lakes. One was a 
seasonal correlation between light, net precipitation, and 
temperature; two other correlations were chemically related; 
that between sodium and potassium, and alkalinity and conduc- 
tivity. While each lake is affected by similar physical 
conditions, each one's unique morphometry, location, and 
history resulted in uniquely varied responses to even similar 
physical conditions. The amount of variation exhibited be- 
tween the lakes increased the farther apart the lakes were 
along the alkalinity spectrum. 
The analysis by depth in Blue Lake provided valuable 
insight into the homogeneity or, in some cases the lack 
thereof, of the water column in a continually mixed lake. 
The matrices prepared from Blue Lake's three sampled depths 
show few correlations which were duplicated at more than 
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one depth. Most of those which were correlated at more 
than one depth were physically related, including seasonal 
variants as well as hydrologically related parameters. 
Biologically related parameters a?pear to be depth restric- 
ted at least to the degree necessary to provide significant 
correlations. Since the amount of light often affects the 
biological activities, the dissimilarity between depths was 
not totally unexpected. 
The strength of this method was revealed by some of the 
correlations which were totally unexpected. For example, 
there was a strong negative correlation between Scenedesmus 
acuminatus and silica dioxide in Blue Lake. No adequate 
explanation has been found for this relationship; perhaps 
there is none, but this methodology focuses attention on 
relationships which would not have otherwise been considered. 
New relationships were revealed and new questions have been 
asked due to this more comprehensive method of data analysis. 
Conclusion 
Marked chemical and biological differences were observed 
among the lakes studied. Common mechanisms were responsible 
for the observed variations within each lake. Physical 
features, most notably the seasonal hydrological cycle of 
evaporation, dilution, solution, and, even at times flood- 
ing, controlled many of the parameters studied. Wind also 
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played an important role in each of the lakes, contribu- 
ting to their formation and determining both their stability 
and productivity. Differences in morphometry, sediment 
composition, and history have made each of these lakes 
unique. The variations observed show that the lakes move 
in the same directions, but distinctly. 
The biological characters between lakes follow similar 
patterns although differences among the lakes outweigh 
their similarities. Nutrients are frequently not the 
limiting factor in these lakes. Low light levels limit 
phytoplankton productivity more severely than any single 
nutrient. Compensating mechanisms exist within these shallow 
systems allowing high productivity in spite of very high 
light extinction coefficients. The overall effect of the 
chemical composition upon the phytoplankton should not be 
understated. Diversity, biomass, and productivity declined 
markedly as the alkalinity of the lake increased. 
Algal cell size was characteristically smaller in the 
more alkaline lakes. This was most evident among the 
species which were found in more than one lake and was 
especially notable among the diatoms. Further identifica- 
tion to the species level would be necessary to confirm 
that the size differences were observed within the same 
species. This is believed to be the case. Overall, the 
cell size for the entire phytoplankton population was 
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smaller in the more alkaline systems and progressively 
increased as the alkalinity decreased. 
While no single factor can be directly attributable 
to the reduced productivity, the shifts in species composi- 
tion, or the reduced cell size, the nature of the shifts, 
especially that of reduced cell size, would suggest a 
direct response to increased osmotic gradients. Since the 
alkalinity of these systems was primarily responsible for 
the osmotic variation among the lakes, the two factors 
could not be separated to reveal their separate effects. 
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